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ABSTRACT
Multidecadal hydroclimate variability has been expressed as ‘‘megadroughts’’ (dry periodsmore severe and
prolonged than observed over the twentieth century) and corresponding ‘‘megapluvial’’ wet periods in many
regions around the world. The risk of such events is strongly affected by modes of coupled atmosphere–ocean
variability and by external impacts on climate. Accurately assessing the mechanisms for these interactions is
difficult, since it requires large ensembles of millennial simulations as well as long proxy time series. Here, the
Community Earth System Model (CESM) Last Millennium Ensemble is used to examine statistical associ-
ations among megaevents, coupled climate modes, and forcing from major volcanic eruptions. El Niño–
Southern Oscillation (ENSO) strongly affects hydroclimate extremes: larger ENSO amplitude reduces
megadrought risk and persistence in the southwestern United States, the Sahel, monsoonAsia, andAustralia,
with corresponding increases in Mexico and the Amazon. The Atlantic multidecadal oscillation (AMO) also
alters megadrought risk, primarily in the Caribbean and the Amazon. Volcanic influences are felt primarily
through enhancing AMO amplitude, as well as alterations in the structure of both ENSO and AMO tele-
connections, which lead to differingmanifestations of megadrought. These results indicate that characterizing
hydroclimate variability requires an improved understanding of both volcanic climate impacts and variations
in ENSO/AMO teleconnections.
1. Introduction
Droughts lasting decades or longer pose a significant
challenge for resource managers, threatening water and
food security aswell as humanhealth (i.e.,Acuna-Soto et al.
2002). These ‘‘megadroughts’’ have been thoroughly
documented in the paleoclimate record, and paleoclimate
evidence suggests that they were likely more prolonged
than twentieth-century droughts, with potentially higher
severity as well (Stine 1994; Cook et al. 2004; Woodhouse
andOverpeck 1998; Cook et al. 2016). Thus, understanding
the causes and expected variations of megadroughts is
crucial (Coats and Mankin 2016), particularly since pro-
jected warming and drying trends are expected to intensify
megadroughts in many regions (Cayan et al. 2010; Seager
et al. 2013; Cook et al. 2015; Ault et al. 2016).
Comparatively little work has focused on sustained wet
extremes, yet the impact of such ‘‘megapluvials’’ is equally
relevant (Routson et al. 2016). The early twentieth century
was anomalously wet in the U.S. Southwest, with implica-
tions for water management via the Colorado River
Compact, and increasing temperature stresses in the region
are contributing to these wet periods becoming less fre-
quent (Griffin and Anchukaitis 2014; Woodhouse et al.
2016; Udall and Overpeck 2017). Additionally, changes to
the behavior of megapluvials may not necessarily corre-
spond precisely with changes in megadrought; un-
derstanding both types of ‘‘megaevents’’ is needed to fully
characterize the overall risk of extremes.
Coupled atmosphere–ocean variability has well-
documented influences on hydroclimate. ElNiño–Southern
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Oscillation (ENSO), in particular, has been implicated in
causing megadroughts over the past millennium by both
model- and proxy-based studies, with persistent La Niña
conditions being associated with megadrought in the North
AmericanSouthwest/Mexico (Grahamet al. 1994;Cole and
Cook 1998; Cayan et al. 1999; McCabe et al. 2004;
Herweijer et al. 2007; Seager et al. 2008; Conroy et al.
2009a) and persistent El Niño associated with Australian
and Southeast Asian megadrought (Power et al. 2006;
Ummenhofer et al. 2009). Links with the Pacific decadal
oscillation (PDO) and megadrought have also been docu-
mented (Coats et al. 2016a), although some questions re-
main as to the effects from interrelationships between
ENSO and the PDO (Newman et al. 2016) and to the sta-
tionarity of PDO teleconnections (McAfee 2014). The
Atlantic multidecadal oscillation (AMO) is also strongly
linked with persistent drought, particularly in the United
States (Oglesby et al. 2012) and in theAmazon basin (Zeng
et al. 2008). Interactions between teleconnections associ-
ated with both modes are thought to substantially affect
hydroclimate conditions on these time scales in the south-
westernUnitedStates (Coats et al. 2016a,b; Seager andTing
2017). However, the impact of coupled modes is not always
straightforward: previous work has shown substantial un-
forced variability in regional ENSO/AMO teleconnections
(Cole and Cook 1998; Cole et al. 2002; Conroy et al. 2009a;
Coats et al. 2013, 2015b), and atmosphere–land interactions
have been shown to be capable of generating multidecadal
hydroclimate variability, even in the absence of coupling
with the ocean (Stevenson et al. 2015; Taschetto et al. 2016).
The role of external forcing in generating past mega-
droughts is also a topic of debate. Reconstructions for
the western United States indicate that the most severe
megadroughts occurred during theAD900–1300 period,
an epoch known as the Medieval Climate Anomaly,
which was characterized by warm global surface tem-
perature, high solar irradiance, and low volcanic activity
(Graham et al. 2007; Conroy et al. 2009b; Graham et al.
2011; Coats et al. 2016a). Likewise, strong volcanic
eruptions are known to drastically influence hydro-
climate (Anchukaitis et al. 2010; Li et al. 2013; Maher
et al. 2015; Colose et al. 2016; Stevenson et al. 2016, 2017),
but whether these eruptions impact the overall multi-
centennial statistics of megadrought remains unknown.
Climate models provide a useful framework for di-
agnosing the mechanisms responsible for megaevent gen-
eration, despite some caveats related to the role of structural
biases and issues with the amplitude of low-frequency vari-
ability (Gleckler et al. 2008; Ault et al. 2013; Bellenger et al.
2014; Coats et al. 2015a). However, the long time scales and
small event sample sizes involved in these studies require
ensembles of millennial-scale simulations, which are not
typically performed by modeling centers due to their high
computational cost. The present study uses the Community
Earth System Model (CESM) Last Millennium Ensemble
(LME;Otto-Bliesner et al. 2016), an ensemble developed to
provide a unique community resource capable of over-
coming last millennium signal-to-noise issues. The LME
contains over 30 realizations of the 850–2005 period: to date,
13 simulations have been run with all major natural and
anthropogenic influences (Schmidt et al. 2011), and smaller
suites of single-forcing experiments are also included to al-
low the investigation of individual external forcings.
We recognize that model biases in simulating decadal to
multidecadal hydroclimate may well affect the simulated
influences of internal climate variability and external forc-
ing on megadrought (Ault et al. 2013). An increase in the
extent of low-frequency hydroclimate variability would
tend to interfere with the teleconnected influence of
modes such as ENSO and the AMO; likewise, an over-
estimate of ENSO/AMO amplitude might create a ten-
dency for multidecadal hydroclimate variations to be
overly damped (or potentially inappropriately magni-
fied). At present, however, it is not possible to conclu-
sively determine the role of model biases, owing to the
lack of relevant observational and paleoclimate valida-
tion information (Parsons et al. 2017). The goal of the
present investigation is to provide statistically robust
quantification of megaevent sensitivity to both coupled
climate variability and external forcing in a physi-
cally consistent framework, which can guide future in-
vestigations on model–proxy comparisons on this topic.
2. Definitions, study regions, and model evaluation
Here, we analyze all LME members covering the entire
850–2005 period. The construction of the LME is described
in detail in Otto-Bliesner et al. (2016); the ensemble con-
sists of several distinct subensembles, which include various
external forcing factors. These are greenhouse gas emis-
sions, solar irradiance changes, orbital forcing, volcanic
eruptions, land use–land cover changes, ozone and an-
thropogenic aerosol emissions, and all of these factors
combined (the so-called ‘‘full forcing’’ runs). Simulations
used in this study are summarized in Table 1. Note that no
TABLE 1. Simulations in the LMEanalyzed for the present study.
A full description of model configurations for each subensemble
can be found in Otto-Bliesner et al. (2016).
Ensemble No. simulations
Full forcing 13
Greenhouse gas only 3
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detrending has been applied to the data in the subsequent
analyses, and as such, some anthropogenic impacts may be
present during the 1850–2005 period; however, we do not
expect that this will greatly affect the results, as analyses
carried out over 850–1850 show no substantial differences
to the results presented here (not pictured).
The overall performance of the present configuration
of CESM has been evaluated extensively elsewhere
(Otto-Bliesner et al. 2016; Stevenson et al. 2016, 2017).
For reference, we present spectra for the Niño-3.4 [sea
surface temperature (SST) averaged over 58S–58N,
1208–1708W] and AMO indices in Fig. 1. The latter is
defined using monthly index time series derived from
North Atlantic (08–608N, 808W–08) SST anomalies mi-
nus global (608S–608N) SST anomalies (Trenberth and
Shea 2006), and observational SST is taken from the
HadISST product (Rayner et al. 2003). As previously
noted (Stevenson et al. 2016, 2017; Parsons et al. 2017),
tropical Pacific variability is too strong in CESM by
nearly a factor of 2 in amplitude at decadal time scales
(Fig. 1a). The AMO appears to be more faithfully rep-
resented (Fig. 1b), although the low-frequency nature of
this mode, as well as known issues with observational
data quality in the early twentieth century (Deser et al.
2010), make this evaluation less certain. CESM captures
the ENSO teleconnection well in most locations, as
demonstrated using regression maps of the monthly
Palmer drought severity index (PDSI; Palmer 1965) on
the Niño-3.4 index (Figs. 1c,e). In Figs. 1c and 1e, the
PDSI dataset of Dai et al. (2004) and the NOAA
ERSST, version 4 (ERSST.v4; Huang et al. 2015), con-
stitute the observational datasets for regression.
Some exceptions to this rule do exist, most notably
in Africa, where there are known issues with the
FIG. 1. Representation of the dominant climate modes in CESM, compared with observations: (a) ENSO (the Niño-3.4 index) and
(b) the AMO index. Spectra are computed using the method of Welch, with window length of 120 months, overlapping by 40%. Ob-
servational time series in (a),(b) are derived from the Climate Variability Diagnostics Package (Phillips et al. 2014), which relies on the
HadISST product (Rayner et al. 2003). A dotted line indicates the null hypothesis: an AR(1) model fitted to the monthly observational
time series. Values above this line are significant at or above 90%. (c)–(f): Regression of PDSI (Dai et al. 2004) on Niño-3.4 and AMO
indices for observations [(c),(d) ERSST.v4; Huang et al. (2015); and (e),(f) the LME] for the 1950–2000 period. LME results represent the
mean regression pattern averaged across the 13 full-forcing simulations. Stippling in (c),(d) indicates that regression coefficients are
significantly different from zero and in (e),(f) that regression coefficients are significantly different from zero in at least two-thirds of
ensemble members.
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CESM–ENSO teleconnection patterns (Fasullo et al.
2016; Fasullo and Nerem 2016). The teleconnection
structure in CESM is more reliable for ENSO than for
the AMO (Figs. 1c,e vs 1d,f). This may relate to known
problems with the spatial structure of the AMO in
CESM and other climate models (Seager 2015; Kushnir
et al. 2010; Ting et al. 2011): for theAMO, the regression
disagrees with CESM in some locations (e.g., in portions
of Australia and central Africa).
For portions of this analysis (see section 3), we com-
pute megadrought statistics in regions of particular cli-
matic and socioeconomic relevance. The precise extent
of these regions has been estimated based on our as-
sessments of locations where ENSO/AMO/volcanic in-
fluences tend to be strong. The first study region includes
the southwestern United States and a small portion of
Mexico (SWUSMEX); in addition to its large and
growing population, this region has been the focus of
extensive megadrought research. We have also consid-
ered central Mexico (CMEX) separately, as aspects of
its megadrought variability are quite distinct. Australia
(AUS) and Southeast Asia (SAMONS) have been in-
cluded due to their strong ENSO teleconnections, as has
the Amazon basin; here, we have split the latter region
into northern (NAMAZ) and eastern (EAMAZ) do-
mains, which the following sections will demonstrate
behave quite differently. The final study region is the
Sahel (SAHEL), which also experiences strong ENSO/
AMO teleconnections and is home to populations ex-
tremely vulnerable to drought and famine risks during
such extremes (Held et al. 2005; Shanahan et al. 2009;
Villamayor and Mohino 2015; Gautier et al. 2016). The
latitude–longitude boundaries of all regions are listed in
Table 2.
We have generated the PDSI data based on output
from all LME members, using the Penman–Monteith
formulation for potential evapotranspiration (Jacobi
et al. 2013), as was done for previous LME analyses
(Stevenson et al. 2016). The PDSI is used as the pre-
ferred drought metric throughout this analysis; although
there are known issues with the PDSI (Alley 1984), it is
unavoidable here, as the tree-ring records calibrated to
JJA PDSI are the only available source of validation
data of sufficient temporal extent.
From both CESM-computed and tree-ring-derived
PDSI data, we compute regionally averaged time se-
ries from which megaevents are identified following the
procedure of Ault et al. (2013). The PDSI time series is
standardized using the mean and standard deviation s
over 850–1849 for each LME ensemble member to
create ‘‘Z scores,’’ and running 15-yr averages of these
values are then calculated. Megadrought and mega-
pluvial events are defined as epochs in which the 15-yr
running mean falls below 20.5s or above 10.5s, and
their persistence is then the time between the associated
zero-point crossings. The risk associated with mega-
drought is the proportion of time spent in megadrought
conditions. We include both persistence and risk in the
present analysis, as both provide useful insights: as with
persistence, the overall risk is an important metric for
management purposes, and looking at megadrought and
megapluvial persistences individually then indicates the
degree to which risk is affected by symmetric changes in
hydroclimate variability versus changes in one or the
other sign of extreme. It should also be noted that the
choice of averaging period for the running-mean PDSI is
an arbitrary one; other periods were examined as well.
We find that for time scales of roughly 15–35 yr [the
‘‘decadal–multidecadal’’ range of Ault et al. (2013)], the
major findings of the analysis do not change.
Although CESM simulates hydroclimate well overall
(Stevenson et al. 2017), there are some indications that
megadrought behavior in this model may not corre-
spond with observations (Ault et al. 2013; Stevenson
et al. 2015; Otto-Bliesner et al. 2016; Cook et al. 2016;
Coats et al. 2015b). Here, we validate CESMmegaevent
properties against several proxy data sources: gridded
hydroclimate data from the North American Drought
Atlas (NADA; Cook et al. 2004), the Mexican Drought
Atlas (Stahle et al. 2016), the Monsoon Asia
Drought Atlas (MADA; Cook et al. 2010), and the
Australia–New Zealand Drought Atlas (ANZDA;
Palmer et al. 2015). Overall model performance is good,
with overlapping interquartile ranges for megadrought
persistences in the LME versus reconstructions, albeit
with a slight tendency for megadrought persistence to be
overestimated in the LME (Fig. 2). The persistence of
megapluvials in the LME is shorter, compared with re-
constructions in some regions (SWUSMEX, CMEX,
and AUS), and longer in others (SAMONS). These
comparisons do not appear to be consistently related to
the LME’s ability to capture observed event occurrence
frequencies: the LME shows too few megapluvials in
SWUSMEX and CMEX and too many in AUS. How-
ever, overall, the LME appears broadly consistent with
TABLE 2. Study regions defined for examination of modal condi-
tions during megadrought and megapluvial events.
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the drought atlases in terms ofmegaevent representation in
these regions. This is particularly true given the potential
for uncertainties in tree-ring reconstructions, and possible
seasonal biases in the tree-ring data (St.George et al. 2010),
to create errors in megadrought properties estimated from
the drought atlases.
3. Internal variability and hydroclimate extremes
Applying the approach discussed in section 2 to all
model grid points allows the creationof a spatially complete
picture of hydroclimate variability. Figure 3b shows the
resulting map of ensemble-mean megadrought persis-
tences, which behave as one would intuitively expect:
megadroughts tend to be longer inmore arid regions and
shorter in wetter locations. There are a few exceptions to
this rule, most notably in the central Amazon and the
SAMONS region, where relatively wet conditions co-
exist with high megadrought persistences. This may re-
late to long-term memory associated with vegetation
and snowpack in the Amazon and Himalayas, re-
spectively. Interestingly, the overall variance in PDSI
FIG. 2. The representation of megadrought events in the CESM (regionally averaged) as compared with drought atlases: NADA
(southwestern United States–Mexico), the Mexican Drought Atlas (central Mexico), MADA (Himalayas), and ANZDA (Australia).
Green boxes indicate data derived from theCESMLME full-forcing simulations and gray boxes data fromdrought atlases. Red horizontal
lines show the median megadrought persistence across the CESM full-forcing simulations, the width of the box is the interquartile range,
whiskers are the 5th and 95th percentiles, and blue crosses outlier points. Persistence of (a) megadroughts and (b) megapluvials with (c),(d)
the corresponding occurrence frequencies. (c),(d) Black squares indicate the mean megadrought occurrence frequencies derived from each
of the atlas products.
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(Fig. 3a) does not show a clear relationship with mega-
event persistence in most locations, with a few excep-
tions for high-variance regions (e.g., the low event
persistences along theU.S.West Coast, northernAfrica,
and western Australia).
We next investigate the influence of ENSO and the
AMO on the persistence of megaevents, as well as
megadrought risk. We use 200-yr nonoverlapping sub-
intervals of PDSI and modal index time series to cal-
culate the properties of megadroughts and megapluvials
FIG. 3. Effects of ENSO, the AMO, and volcanic forcing on the persistence of megadrought and megapluvial periods in the full LME
(units of yr), including all full-forcing and single-forcing members, over the 850–1849 period. (a) Variance of PDSI in the LME. (b),(c)
Mean megadrought and megapluvial persistence across all LME simulations, respectively. (d),(e) Differences between megadrought–
megapluvial persistences in high vs lowENSO epochs, respectively. (f),(g) As in (d),(e), but for theAMO. (h),(i) Difference inmegadrought
and megapluvial persistences between LME simulations with and without the inclusion of volcanic forcing, respectively. Stippling indicates
locations where differences are significant at the 90% level, as measured using a Wilcoxon rank-sum test.
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and ENSO–AMO amplitude, creating a set of 5 times
(number of runs) epochal values for each. The effects of
ENSO/AMO are then estimated as the changes in per-
sistence or risk associated with differencing epochs of
‘‘high’’ (above the 60th percentile) and ‘‘low’’ (below
the 40th percentile) variance in eachmode of variability.
In this and other cases, the significance of differences is
evaluated by applying theWilcoxon rank-sum test to the
set of all events at each grid point. The use of a non-
parametric test allows us to avoid assumptions regarding
the underlying probability distribution function (PDF)
of event persistences/risk.
Figures 3d–g show that both ENSO and the AMO
influence megaevent persistence in many locations: high
ENSO variance leads to shorter megadroughts and
longermegapluvials in the SAHEL,AUS, and SAMONS
regions. In contrast, high ENSO variance lengthens
megadroughts and shortens megapluvials in CMEX and
EAMAZ (Figs. 3d,e). Interestingly, the simulated ENSO
influence in the southwestern United States is relatively
small; megadroughts tend to lengthen and megapluvials
to shorten somewhat, but CMEX shows much larger
changes in both megadrought and megapluvial events
due to ENSO. Figures 3f and 3g show that the AMO’s
effects are weaker than ENSO’s in many regions.
However, high AMO variance lengthens SWUSMEX
megadrought and shortens megadrought in NAMAZ.
Megapluvials are not as strongly influenced by the AMO,
indicating that AMO influences on hydroclimate are less
symmetric with respect to the sign of the anomaly than
ENSO impacts.
Changes to ENSO and the AMO also alter the overall
risk of megadrought as defined in section 2, which is
depicted in Fig. 4. Stronger ENSO variability is tied to
risk reductions in AUS, SAHEL, and SAMONS: this
results from changes in both megadrought and mega-
pluvial lengths. In all three regions, epochs of stronger
ENSO variance are associated with shorter mega-
drought and longer megapluvial events, which together
account for the reduction in the proportion of time spent
in megadrought conditions. However, the risk increases
in CMEX; based on Fig. 3, this seems to relate to re-
duced persistence of megapluvial periods. The changes
to megadrought risk due to AMO variability are much
weaker (Fig. 4c); only in the northernmost Amazon and
portions of the Middle East do these changes become
statistically significant. These influences are summarized
for all study regions in Table 3.
To understand the mechanisms for the ENSO- and
AMO-driven effects in Fig. 3, it is necessary to examine
how changes in ENSO and AMO variance lead to
1) shifts in mean conditions throughout the tropics and
midlatitudes (i.e., by rectification of high vs low ENSO–
AMO teleconnection patterns into the mean state) and
2) changes in hydroclimate statistics due to changing the
frequency and/or magnitude of positive or negative ex-
tremes. The net effect of changing ENSO–AMO vari-
ance is likely some combination of both. We also note
that it is possible for interactions between ENSO and
the AMO to affect the occurrence of megadrought; this
has been shown in simulations and the proxy record in
the past (Feng et al. 2008; Oglesby et al. 2012; Coats et al.
FIG. 4. (a) Anomalies in megadrought risk during periods of low ENSO variance. (b),(c) Effects of ENSO and the AMO on the overall
risk ofmegadrought in the full set of LME simulations over the 850–1849 period, respectively. (d)As in (a),(b), but for the effects of volcanic
forcing. Stippling indicates locations where differences are significant at the 90% level, as measured using a Wilcoxon rank-sum test.
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2016b). The fact that the AMOoperates onmuch longer
time scales than ENSO may also have dynamically in-
teresting consequences, as ENSO variability within a
given AMO regime can lead to differing consequences
for hydroclimate, which may manifest as nonlinear
interactions between the two modes. These possibili-
ties are not explicitly investigated here due to length con-
straints, but remain as an interesting topic for future work.
The first possibility is investigated by compositing
mean temperature, precipitation, sea level pressure
(SLP), and 0–30-cm soil moisture between high- and
low-variance epochs, shown in Fig. 5. When ENSO
variance increases, a dipolar structure is present in the
surface air temperature anomaly in the equatorial Pacific,
with cold anomalies extending from themidlatitudes to the
warm pool (Fig. 5a). This bears a qualitative resemblance
to the El Niño–LaNiña difference in CESM (not pictured)
and thus could potentially be considered to result from the
larger relative increase in El Niño versus La Niña during
epochs of strong ENSO variance. However, the patterns in
Fig. 5a are not identical with the teleconnection pattern
associated with El Niño; this is particularly apparent in
Australia, where cooling and wetting occur rather than the
canonical El Niño–driven warming and drying. To fully
understand this pattern likely requires examining other
aspects of ENSO dynamics, including variations in El Niño
TABLE 3. Effects of ENSO and the AMO on megadroughts and megapluvials in study regions. The plus sign indicates lengthening or
increased risk for epochs with greater variance in these modes, and the minus sign indicates shortening or decreased risk. N/A indicates
minimal change.
Mode Region Megadrought length Megapluvial length Drought risk
ENSO SWUSMEX 2 N/A 2
ENSO CMEX 1 2 1
ENSO NAMAZ N/A 2 N/A
ENSO EAMAZ 2 N/A 1
ENSO SAMONS 2 1 2
ENSO SAHEL 2 1 2
ENSO AUS 2 1 2
AMO SWUSMEX 1 N/A N/A
AMO CMEX N/A N/A N/A
AMO NAMAZ 2 N/A 2
AMO EAMAZ N/A N/A 1
AMO SAMONS 1 N/A N/A
AMO SAHEL N/A N/A N/A
AMO AUS 2 1 2
FIG. 5. (a),(d) Differences in surface air temperature (8C; colors) and precipitation (mmday21; contours) between high and low ENSO-
andAMO-variance epochs, respectively. (b),(e):As in (a),(d), but for 0–30-cm soilmoisture (mm3mm23; colors) and SLP (hPa; contours).
(c),(f): As in (a),(d), but for precipitation (mmday21; colors) and 850-hPa wind (m s21; arrows). (g)–(i) As in (a)–(c), but for sets of LME
simulations with and without the influence of volcanic forcing. Stippling indicates locations where (a),(d),(g) air temperature, (b),(e),(h)
soil moisture, or (c),(f),(i) precipitation differences are significant at the 90% level, as measured using a Wilcoxon rank-sum test.
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‘‘flavors’’ or the frequency of El Niño versus La Niña
events, and potentially also decadal tomultidecadalmodes,
such as the interdecadal Pacific oscillation (IPO).
The mean changes in Figs. 5a–c are consistent with
megaevent persistence changes in many regions. For
instance, the longer megadroughts and shorter mega-
pluvials in Mexico during high ENSO variance epochs
are influenced by the shift toward warmer and drier
conditions, due to the shifting of the Bermuda high–
warming North Atlantic, which suppresses moisture
flow through the Gulf of Mexico (Fig. 5b). In the Am-
azon, high ENSO epochs also experiencemean warming
and drying, along with longer megadrought and shorter
megapluvial events. Mean shifts appear consistent with
megaevent changes in other study regions as well: in the
southwesternUnited States, cooler and wetter conditions
arise from high ENSO variance, a result of the enhanced
surface high near 308N and associated enhancement of
the Aleutian low, which drives onshore flow in the
western United States (Figs. 5b,c).
Changes to mean conditions as a function of AMO
variance are shown in Figs. 5d–f. These changes differ
dramatically from Figs. 5a to 5c; global cooling occurs
during high AMO epochs, with the largest temperature
anomalies over land. As will be demonstrated in section
4, these mean changes are largely due to the presence of
volcanic forcing, which both enhances AMO variability
and cools the mean climate. However, the associated
mean hydroclimate changes are less uniform, with re-
gions of both wetting and drying apparent in Fig. 5e.
Regions experiencing drying tend to be dominated by
reductions in precipitation, in contrast to the ENSO
impacts of Figs. 5a–c, which contain both temperature-
and precipitation-driven components.
The changes to megaevent persistences due to AMO
variance are generally less significant than their ENSO-
driven counterparts, but in some locations do appear
related to mean-state shifts during high AMO variance
epochs (see Figs. 5e, 3f). This is particularly apparent in
SWUSMEX, CMEX, NAMAZ, and AUS: in the first
two, mean soil moisture decreases, while megadrought
persistence increases in high AMO variance epochs. In
the latter two regions, the pattern is reversed. In-
terestingly, however, the AMO-driven changes to
megadroughts and megapluvials are much less sym-
metric than was the case for ENSO. For instance, in
Mexico, changes to megadrought persistence are stron-
ger than megapluvials: it is possible that in high AMO
epochs, the mean drying in this region tends to favor
changes to megadrought persistence by enabling
already-drier soils to remain below the megadrought
threshold for longer periods of time.Asymmetric behavior
is also seen in NAMAZ, where very little AMO-driven
change in megapluvial persistence takes place: here,
high AMO epochs tend to exhibit wetter mean condi-
tions, and therefore, perhaps, mean cooling preferen-
tially influences megapluvials by extending events that
might otherwise have terminated due to evaporative
demand. This increased asymmetry may potentially
arise due to the much longer time scale of AMO vari-
ability relative to ENSO, which allows existing anoma-
lies more time to grow.
We next investigate the second hypothesis for the
ENSO–AMO impact on megaevent persistences: an
enhanced alternation between wet and dry anomalies
as a result of modal teleconnections. This is illustrated
for ENSO in Fig. 6, which shows the state of theNiño-3.4
index at the beginning and end of megadrought periods.
In most regions, megadrought initiation/termination are
clearly associated with ENSO, whereas the associations
are less clear for SAHEL. This suggests that in most of
our study regions, the role of variance changes is likely
an increased alternation between El Niño and La Niña
phases, rather than a strengthening of the events them-
selves. When similar PDFs are constructed for the phase
of the AMO during megadrought start and end years, a
much weaker relationship is seen than for ENSO
(Fig. 7), with EAMAZ exhibiting the only substantial,
statistically significant AMO index shift. This is likely
because the dominant time scale of AMO variability is
longer than the 15-yr averaging time scale for mega-
drought, making it much more difficult for ‘‘switching’’
between warm and cold AMO phases to be captured in
megadrought initiation and termination (though we
note that the same behavior is observed when a 35-yr
running mean is used for megaevent computation; not
pictured). This lack of systematic associations with the
AMO index suggests that the AMO impact on mega-
drought risk may primarily result from a change in mean
conditions rather than direct impacts from discrete
AMO events.
4. Influences from volcanic forcing
The next question is to what extent externally forced
changes in climate can modulate the results of section 3.
Although the design of the LME permits the examina-
tion of individual forcing factors, here we focus strictly
on the influence of volcanic eruptions, as it is by far the
largest influence on last millennium climate when ex-
amined in a radiative-imbalance context (Otto-Bliesner
et al. 2016). We estimate the impacts of volcanism on
megaevents using subsets of LME simulations with and
without volcanic forcing; these are shown in Figs. 3h and
3i for megadrought and megapluvial persistence and in
Fig. 4d for megadrought risk.
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Volcanically induced changes to megaevent persis-
tence are generally smaller than the persistence changes
due to ENSO and theAMOand inmost locations do not
pass the threshold for statistical significance. There are
only a few locations that seem to exhibit a coherent and
significant response to volcanism: for megadroughts,
such locations are eastern Australia and a small portion
of the easternUnited States, where persistence shortens.
Changes to megapluvials, in contrast, are strongest in
the northern Amazon and central/southern Mexico; in
all cases, the persistence of megapluvials increases due
to volcanic forcing. We hypothesize that these shifts are
due to volcanically induced cooling of the land surface,
which favors wetter soil conditions via impacts on
evapotranspiration. This is also borne out by the mean
wetting in themajority of study regions, shown in 0–30-cm
soil moisture in Fig. 5h. Interestingly, the majority of our
study regions do not exhibit much change in megaevent
persistence due strictly to volcanic forcing; the patterns
associated with volcanic impacts appear quite distinct
from ENSO–AMO effects.
In addition to direct influences on climate, volcanic
forcing may also alter the expression of megadroughts
and megapluvials through (i) modifying the amplitude
of climate modes or (ii) changing the structure of tele-
connections associated with those modes. The PDFs in
Fig. 8 provide insight into (i) by showing the distribution
of Niño-3.4 and AMO index values in sets of LME
simulations with and without volcanic forcing. Minimal
differences are present in the Niño-3.4 values (Fig. 8a).
However, the volcanic and nonvolcanic AMO PDFs do
differ significantly, bearing strong resemblances to the
FIG. 6. (a)–(g) PDFs of theNiño-3.4 index (8C) during starting and ending years ofmegadroughts in study regions of interest. Black lines
indicate the overall Niño-3.4 PDF for all LME simulations, blue lines are the Niño-3.4 value during the starting year of megadrought
events, and red lines are the value during the ending year of megadrought. Low- and high-variance epochs are plotted separately.
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high- and low-variance epochal PDFs, respectively. This
is consistent with previous research on ENSO andAMO
spectral behavior in the LME (Otto-Bliesner et al.
2016): volcanic forcing significantly enhances AMO
strength but does not affect the long-term statistics of
ENSObehavior. These results imply that themean-state
changes present in the AMO-stratified epochs of Fig. 5
may be reflecting the net impact of volcanic forcing,
rather than strictly rectification of the AMO into
the mean.
Figures 9 and 10 show the teleconnections with pre-
cipitation and temperature for volcanically stratified
LME simulation sets for ENSO and the AMO, re-
spectively. Volcanic forcing slightly enhances El Niño–
related warming and drying over Southeast Asia and
cooling in the Himalayas (Figs. 9c,d). Some El Niño
teleconnections weaken or even reverse due to volcanic
impacts: cooling and wetting over theAmazon, drying in
the western United States, wetting in Australia, and
wetting over the Maritime Continent also oppose the
canonical impacts of El Niño. However, the changes to
teleconnections are relatively small, on the order of 5%–
10% in most locations.
To some extent, the changes to ENSO tele-
connections due to volcanism are consistent with pre-
viously documented dynamical influences (Stevenson
et al. 2016). For instance, volcanic aerosols are known to
influence the ITCZ, the Southeast Asian monsoon, and
the Northern Hemisphere subtropical jet in ways qual-
itatively resembling the El Niño teleconnection
(Stevenson et al. 2016). This could explain the enhanced
tendency toward warming and drying in some locations.
However, this El Niño–like circulation shift is only sig-
nificant in CESM for the first few years after the
FIG. 7. As in Fig. 6, but for the AMO index.
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eruption, meaning that the net effect of aerosols on
ENSO teleconnections is more complex. A sustained La
Niña response is simulated 3–5 yr after major eruptions
(Maher et al. 2015; Otto-Bliesner et al. 2016; Stevenson
et al. 2016), and we hypothesize that some of these in-
fluences may be creating the tendency for weakened
ENSO teleconnections in regions such as Australia and
the western United States.
The changes to AMO teleconnections due to volcanic
impacts are shown in Fig. 10. The warming over
Northern Hemisphere landmasses during the positive
phase of the AMO is enhanced by volcanism, with
cooling occurring over Australia (Figs. 10a,c). The pre-
cipitation patterns in Figs. 10b and 10d are also consis-
tent with these temperature changes. Volcanic influences
enhance wetting just north of the equator and drying to
the south, a pattern consistent with ITCZmigration into
the warmer hemisphere (Kang et al. 2008). There may
also be a contribution to the temperature and pre-
cipitation patterns by the Atlantic meridional over-
turning circulation (AMOC), which has been shown to
strengthen following volcanic eruptions in the CESM
and other climate models (Pausata et al. 2016; Otto-
Bliesner et al. 2016). Partitioning the AMO- versus
AMOC-driven portions of these shifts quantitatively,
however, is beyond the scope of the present study.
The changes to megadrought risk associated with
volcanically driven teleconnection shifts are assessed in
Fig. 11. This is the same risk calculation performed in
Fig. 4, but rather than examining the overall risk
in simulations with and without volcanic aerosols,
Fig. 11 now shows the risk stratified by ENSO andAMO
FIG. 8. PDFs of (a) Niño-3.4 and (b) AMO index values for overall LME, epochs of high vs
low variance in the full set of LME simulations, andLME simulations with andwithout volcanic
influences, respectively.
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amplitude, in simulations with and without volcanic ef-
fects. ENSO-driven megadrought risk increases in
CMEX and decreases in EAMAZwhen volcanic effects
are included, consistent with the El Niño–like effects
discussed above. In SWUSMEX, much of Southeast
Asia, including the SAMONS region, and all of Aus-
tralia, ENSO-driven megadrought risk decreases due to
volcanic forcing, consistent with our hypothesized La
Niña–like influence on the teleconnection pattern in
Fig. 9.
The relationship between forced AMO teleconnec-
tion changes and shifts in forced AMO-driven mega-
drought risk appears to be less straightforward than for
ENSO. In several locations, there are suggestions that
enhancements in AMO-driven temperature anomalies
may play a dominant role: for example, in much of the
southwestern United States and Southeast Asia, a
marked tendency for the AMO to enhance mega-
drought risk due to volcanism (Fig. 11a vs 11c) seems to
be driven primarily by more efficient AMO-driven
FIG. 9. Teleconnections with ENSO in LME simulations for (a) surface air temperature [8C (8C)21] and (b) precipitation [mmday21
(8C)21]. (c),(d) As in (a),(b), but for LME simulations with and without the effects of volcanism. Stippling indicates regression differences
significant at the 90% level, as measured using a Wilcoxon rank-sum test.
FIG. 10. As in Fig. 9, but for the AMO.
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warming (Fig. 10c). In other locations, such as the
northern Amazon, the reduction in risk associated with
the AMO in the volcanic simulations seems driven by
enhanced AMO-related positive rainfall anomalies
(Fig. 10d vs 10b). Finally, in places such as the eastern
Amazon and Australia, the underlying processes by
which volcanism alters AMO-driven risk are somewhat
unclear. For instance, the AMO-driven megadrought
risk in the eastern Amazon is weaker in volcanic sim-
ulations, yet volcanic forcing also enhances AMO-
driven drying in the region while having little impact
on temperature. Australia also experiences volcani-
cally driven drying: we hypothesize that these some-
what counterintuitive relationships may be caused by
the stronger tendency for negative AMO excursions to
create megadrought termination in these regions
(Figs. 7c,f).
5. Discussion and conclusions
This study leverages the unique capabilities of the
CESM Last Millennium Ensemble to explore statistical
associations between worldwide megadrought persis-
tence and risk, major modes of internal climate vari-
ability (i.e., ENSO and the AMO), and volcanic forcing.
These influences are not able to explain the entirety of
modulations in megadrought behavior, which we attri-
bute to processes not included in coherentmodes such as
ENSO and the AMO; these effects may relate to in-
ternal atmospheric variability, land surface feedbacks,
or other mechanisms. This result is consistent with pre-
vious studies showing significant stochastic (i.e., high-
frequency atmospheric noise) influences onmegadrought
(Stevenson et al. 2015; Coats et al. 2013, 2015b), and the
details are left for future investigation. However, both
ENSO and the AMO are found to significantly alter the
persistence of both extreme megadrought and mega-
pluvial periods. An increase in ENSO variance tends to
reduce the persistence of megadrought in Australia, the
Himalayas, the Sahel, and the southwestern United
States. Corresponding increases in megapluvial persis-
tences occur in these regions, with the net effect of re-
ducing the overall risk ofmegadrought. The reduction in
risk is significant, up to nearly 30% in some locations;
this implies that the representation of ENSO variability
is crucial to correctly representing simulated risks of
megadrought in many drought-prone regions (Parsons
et al. 2017). It should also be noted that increased ENSO
variance does not always reduce megadrought risk: for
example, in Mexico and much of the Amazon, mega-
drought persistence increases and megapluvial persis-
tence decreases with increased ENSO variance, leading
to an increase in megadrought risk. The regional struc-
ture of these ENSO–risk relationships is intriguing, and
future work is recommended to understand how this
relates to quantities such as ENSO skewness, biases in
El Niño–La Niña teleconnections, or other processes.
The amplitude of the AMO does not affect mega-
events as clearly as ENSO, but changes are nonetheless
significant in many locations. The AMO influences are
strongest for megadrought, particularly in the south-
western United States and the northern Amazon, where
climatological AMO teleconnections are strongest.
High AMO variance tends to enhance the persistence of
southwestern United States megadrought and reduce
the persistence ofmegadrought in the northernAmazon. In
FIG. 11. Effects of (left) ENSO and (right) the AMO on megadrought risk in simulations: (top) with and (bottom) without the effects of
volcanism. Stippling indicates differences insignificant at the 90% level, as measured using a Wilcoxon rank-sum test.
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the latter region, an increase in megapluvial persistences is
also detectable. Notably, changes in the Sahel are not sig-
nificant, despite the generally strong AMO teleconnection
in the region (Shanahan et al. 2009), which may reflect an
issue with simulated AMO teleconnections in the CESM
(Coats et al. 2016a,b).
Some of the ENSO- and AMO-driven changes to
megadrought risk likely operate via ‘‘rectification’’ of
modal teleconnections, where nonlinearities between
teleconnected influences affect the long-term mean cli-
mate. For example, the teleconnections generated dur-
ing positive and negative ENSO and AMO states have
different signatures, and as such, the net effect of ENSO
andAMOduring epochs of high versus low variance will
average to different states; in CESM, ENSO variability
tends to favor cooling and wetting in the Himalayas, the
southwesternUnited States, the Sahel, andAustralia, which
likely allows wet soil moisture conditions to persist
longer in these locations and creates the above changes
inmegadrought andmegapluvial persistences. Likewise,
in theAmazon andMexico, warmer and drier conditions
exist overall when ENSO is stronger. This is consistent
with a shift toward more El Niño–like conditions during
high ENSO variance epochs as a result of enhanced
occurrence of extreme El Niño events. In contrast, in-
creases in AMO variability are associated with cooling
globally, but this is likely reflecting the influence of
volcanic forcing on the AMO.
Changes to megadrought risk in some locations also
appear related to enhanced ‘‘switching’’ between phases
of ENSO. For instance, there is a clear separation be-
tween El Niño and La Niña conditions during the
starting versus ending years of megadrought events. La
Niña events are systematically associated with mega-
drought initiation in the southwestern United States and
with their termination in the Sahel, Australia, the Hi-
malayas, and the Amazon; the reverse is true for El
Niño. Higher ENSO-variance epochs appear primarily
to shift Niño-3.4 PDFs toward stronger El Niño condi-
tions, consistent with known asymmetries between El
Niño and La Niña. The separation between AMO index
values during megadrought initiation/termination years
is not distinct for most regions, potentially as a result of
the lower frequency of AMO variability.
Although not a topic of the present study, it is also
possible that aspects of ENSO behavior other than
variance may have a relationship with megadrought
properties/risk. For instance, the skewness of the ENSO
system is often not well captured by climate models
(Guilyardi et al. 2009; Bellenger et al. 2014), meaning
that differential impacts of El Niño versus La Niña on
megadrought may not be skillfully represented. Since
megadrought and megapluvial events in many regions
are dependent on precipitation in certain seasons (i.e.,
winter storms in the Sierra Nevadas), the seasonal phase
locking of ENSO might also play some role in affecting
the ENSO–megadrought connection. Finally, the simu-
lation of extreme El Niño and La Niña events is also of
key interest for these purposes: these events are often
associated with strong precipitation events in our study
FIG. 12. Schematic illustrating the interaction among atmosphere–oceanmodes of variability,
volcanic forcing, and megaevents.
1 JUNE 2018 S TEVENSON ET AL . 4323
regions, and the frequency of such extremes is robustly
projected to increase in climate models (Cai et al. 2014,
2015). These effects may be important for studies of
twenty-first-century megadrought behavior.
The design of the LMEallows the impact of individual
external forcings to be explored; when risks of mega-
drought are compared across simulation sets with and
without the effects of volcanic eruptions, we find that
directly forced changes are relatively small. This may be
due to the relatively short time scale of volcanic climate
perturbations, which differing choices of running-mean
computation for PDSI might illustrate. However, ex-
ternal forcings do significantly alter the impact of both
ENSO and the AMO on megadrought risk: when vol-
canic simulations are included, the risk reduction due to
high ENSO variance in the southwestern United States,
the Himalayas, and Australia is stronger, the risk in-
crease in Mexico is stronger, and the increase in the
Amazon is weaker. Volcanically driven AMO risks are
reduced in theAmazon and increased in the southwestern
United States, and they likely also reflect the overall
increase in AMO amplitude due to volcanic activity
simulated in CESM. We note that although other forc-
ings are smaller than volcanic eruptions, there may
nonetheless be some possibility for forced changes in
megadrought due to other mechanisms: solar forcing is a
prime candidate for further investigation, as its decadal
time scales may lend themselves to ‘‘resonant’’ behavior
with megadrought. We recommend future dedicated
studies to understand these mechanisms as well.
This work has important implications for the in-
terpretation of paleoclimate reconstructions of mega-
drought, as well as the evaluation ofmodel performance.
Volcanic forcing affects the risk of megadrought, but the
primarymechanism is the forced influence on atmosphere–
ocean teleconnections, rather than the direct forcing of
climate (see schematic in Fig. 12). As such, a complete
assessment of volcanic impacts on megadrought re-
quires both capturing volcanically forced changes to
modes of coupled variability and representing the as-
sociated shifts in atmospheric teleconnections. Recent
work [e.g., Colose et al. 2016; Stevenson et al. 2016; see
review by Smerdon et al. (2017)] has highlighted the
degree to which such forced changes depend on the
properties of the input volcanic aerosol forcing, which is
poorly constrained for many eruptions. Our work thus
indicates the key role future improvements of estimated
volcanic forcing may play in model evaluation efforts, as
well as attribution of mechanisms for particular past
megadrought events.
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